In this paper, the authors propose a novel high-frequency current output type inverter circuit topology utilizing an immittance conversion element and wireless transmission coils, which utilize an LC anti-resonant circuit suitable for the proposed current output type inverter.
In this paper, the authors propose a novel high-frequency current output type inverter circuit topology utilizing an immittance conversion element and wireless transmission coils, which utilize an LC anti-resonant circuit suitable for the proposed current output type inverter.
As a result of the prototype test, the proposed inverter provides a high conversion efficiency of more than 77.6 % at 11.33 MHz operation with a 123 W output power rating.
Also, the proposed transmission coils suitable for current output type inverters provide a high transmission efficiency of more than 94.2 % at 11.33 MHz operation with 20 mm transmission gaps and a 46.1 W output power. In recent years, wireless power transmission based on magnetic field resonance technology has been studied extensively. Fig. 1 shows the system configuration. In this system, 10 MHz class high-frequency power is used for the intermediate-range wireless power transmission because the transmission efficiency of the transmission coils based on the magnetic field resonance phenomena exceeds 90 % [1]- [3] . In order to prevent the EMI, Electro-Magnetic Interference, problem, the transmission frequency is usually set to the ISM bandwidth, Industry-Science-Medical bandwidth, such as 13.56 MHz, in practical systems.
So far, the previous studies on wireless power transmIssIOn systems utilizing magnetic field resonance focused extensively on the transmission coils and the rectifier design [\]- [4] . However, only a few studies on increasing the conversion efficiency and the power rating of high-frequency inverters suitable for transmission systems utilizing magnetic field resonance have been reported. In the previous studies, either linear amplifiers or conventional inverters have been applied in the transmission system, and the conversion efficiency of those power sources is potentially low at the very high frequency condition. Hence, the wireless power transmission system cannot provide a high efficiency for the entire system, even though the efficiency of the transmission coils is very high.
A conventional inverter that utilizes a push-pull inverter with a center-tapped transformer, as shown in Fig.  2 , has been used. The inverter has a sufficient power rating for this application, but the conversion efficiency at \ 0 MHz operation cannot be high due to the large iron loss of the center-tapped transformer. Another example is a class-E multi-resonant inverter with ZVS, Zero Voltage Switching, as shown in Fig. 3 . In this case, the transmission system achieves more than 74 % efficiency with a 74.9 W output power rating. However, it is difficult to increase the power rating because of the restriction of the circuit topology [5] .
The authors propose an inverter topology suitable for high-power high-efficiency operation at an output frequency of around 10 MHz in order to apply the wireless power transmission technology, especially for high-power home appliances and electric vehicles. The basic structure of the inverter has been proposed for the application of electric ballast for HID Lamps and plasma
The current output type inverter, which utilizes an immittance conversion element, is proposed by taking the above situation into account. One of the distinctive characteristics of the inverter is that a constant output current is supplied from the output terminal of the inverter by the effect of an immittance conversion element, which converts the voltage source to a current source. Also, the output current can easily be increased by connecting the output terminals of the multiple inverters in parallel, thus increasing the power rating of the inverter.
The second characteristic of this inverter is the resonant gate-drive circuit, which provides low driving power at high-frequency switching. In addition, transmission coi Is suitable for current output type inverters are studied because the conventional transmission coils can be driven by the voltage source, as shown in Fig. 4 .
In this paper, LC, L designates inductor and C designates capacitor, parallel resonance type transmission coils with a high quality factor are proposed, and the power transmISSIOn characteristics with the high-frequency AC current source condition are studied. First, the circuit configuration of the proposed inverter and the magnetic field anti-resonance transmission coils are explained. Then, the operation principle of the immittance conversion element and the characteristics of converting the input voltage to the output current are explained. The operation principle of magnetic field anti-resonance coils is also explained. Finally, the usefulness of the proposed inverter and the anti-resonance transmission coils are confirmed through experiments 1167 utilizing an 11.33 MHz, \ 00 W prototype setup.
II. CIRCUIT CONFIGURA nON Table 1 show the circuit configuration and parameters of the proposed inverter, respectively. The circuit consists of a resonant gate-drive circuit, which is surrounded by a red dotted line, and a push-pull inverter circuit based on the immittance conversion element, which is surrounded by a blue dotted line.
The push-pull inverter circuit consists of two MOSFET switches Ql and Qz , an immittance conversion element, which is composed of transmission lines Tl and Tz, and a load ZL, which represents the anti-resonance transmission coil. The length of the two distributed constant lines Tl and Tz is adjusted to 114 of the propagation wavelength of the inverter operation frequency. The sending ends of the two lines are connected in series so as to produce the center-tapped configuration, but the receiving ends are connected in inverse parallel. In addition, the output power ratings of the inverter can be increased by connecting the output terminals with the same inverter output terminal in parallel, as shown in Fig. 6 .
The waveforms of the gate-source voltage on both MOSFETs are shown in Fig. 7 . The gate-source voltages of both MOSFETs are sinusoidal waveforms with a phase difference of 180 degrees, and thus, each MOSFET turns on alternately. In addition, the energy stored in the gate capacitance of one MOSFET is transferred to the gate capacitance of another MOSFET; hence, the energy supplied from the gate-drive circuit can be reduced significantly. Fig. 8(a) shows the circuit configuration of the anti-resonant circuit, which is a typical load suitable for 1168 the current-source inverter. The circuit is composed of an inductor L, a capacitor C, and a load resister RL• When the anti-resonant frequency is adjusted to the inverter output frequency, a sinusoidal voltage waveform appears at the output terminal, as shown in Fig. 9 , and the amplitude of the output voltage is increased depending on the quality factor of the LC resonant circuit. Fig. 8(b) shows the circuit configuration of the wireless power transmission coils, which consists of a sending circuit and a receiving circuit. The sending circuit is composed of a parallel connection of an inductor L1 and a capacitor C1, and the receiving circuit is composed of a parallel connection of an inductor Lz, a capacitor C2 , and a load resister RL. When the anti-resonant frequency of the wireless transmission coil is adjusted to the inverter frequency, the transmission efficiency of the transmission coil is very high owing to the high quality factor of the parallel resonant circuit. The output waveforms of the receiving circuit are shown in Fig. 10 . The waveforms of both the voltage and the current are sinusoidal because the transmission coils resonate. Fig. 11 shows the equivalent circuit configuration of the proposed inverter. The DC voltage source Ed is replaced with two voltage sources E1 and E2, and those are relocated to each side. The MOSFETs Q1 and Q2 are replaced with ideal switches 51 and 52, which are turned on and off alternately with a duty ratio of 0.5. In order to make the understanding of the operation principle easier, the parallel LC anti-resonant circuit is removed, only the resistor RL is connected to the load terminal, and one voltage source E2 on the 52 side is assumed to be zero.
III. OPERATION PRINCIPLE
At the beginning of the inverter operation, it is assumed that no transient voltage and current exist in the transmission lines Tl and T2 or the resistor RL. At the first switching cycle Tsw, the operation of the inverter is classified into four modes. The detailed operations for each mode are as follows: <Mode 1: 0:::; t :::; Tsw / 4> When 51 is turned on at t = 0, a DC voltage El = E is induced to the sending terminal of Tl, and the voltage wave propagates toward the receiving terminal of Tl . The propagation wave arrives at the receiving terminal at t = Tsw / 4, and a reflection/transmission phenomena occurs at the resistor RL based on the reflection coefficient r . Here, r is given by Eq. (1).
Hence, the input voltage VIi from Tl, the reflection voltage VIr toward Tl, the transmission voltage V lt toward T2, and the resultant output voltage va at RL are expressed as follows:
The 2014 
The output voltage va has a positive value because the absolute value of the reflection coefficient is smaller than I.
<Mode 2: Tsw / 4 � t � Tsw /2> The reflection voltage wave and the transmission voltage wave travel on transmission lines Tl and Tz, respectively, and arrive at the sending terminals of Tl and T2 at t = Tsw /2 , respectively. At this moment, 51 is turned off, and 52 is turned on. At the sending terminal of Tl, the arrived voltage wave, which is the same as vlr(Tsw/4) = rE, reflects with a reflection coefficient of r = 1, and the reflected voltage VSir propagates again toward Ti.
Hence, the voltage VSl at the sending terminal of Ti and the voltage VDSl at switch 51 are
At the sending terminal of T2, the arrived voltage wave, which is same as v1 t(Tsw/4) = (1 + r)E , reflects with a reflection coefficient of r = -1, and the reflected voltage vS2r propagates again toward T2.
Hence, the voltage VS2 at the sending terminal of T2 and the voltage VDS2 at switch 52 are vS2(Tsw/2) = v1 t(Tsw/4) + vS2r(Tsw/2) = 0 (10) 
The transmission voltage v1 t(3 Tsw/4) , which transmits from Tl and T2, and the reflection voltage v2r (3 Tsw /4) , which reflects from T2 and T2 , are expressed as In the same manner, the input voltage for the third interval is expressed as follows:
Hence, the input voltage of the n-th interval is
The output voltages for Modes I and 3 for the second interval are respectively
Hence, the output voltage of the n-th interval is
From the above description, the amplitudes of the input voltage Vi, the output voltage Va, and the output current 1 0 for the steady-state condition are expressed as follows: It should be noted that the output current depends only on the characteristic impedance of the transmission line and the DC bus voltage of the inverter. In other words, the output voltage of the proposed inverter is converted to the current source at the output terminal of the transmission lines. This is because the transmission line is called the immittance conversion element.
In the case where the anti-resonant circuit is connected to the output terminal of the inverter, as shown in Fig. 5 and Fig. 7(a) , the output voltage is formed as sinusoidal, and the anti-resonant voltage is boosted to a high voltage. Accordingly, the output current on the receiving end of the immittance conversion element has a square waveform.
B. Operation principle of wireless power transmission circuit utilizing magnetic field anti-resonance
In a conventional magnetic field resonance circuit such as that shown in Fig. 4 , the transmission efficiency of the wireless power transmission circuit depends on both the coupling coefficient of the two coils and the quality factor of the sending and receiving coils. The quality factor represents the amplification ratio of the voltage or current in each coil. In LC parallel resonance type transmission coils, as shown in Fig. 8(b) , the quality factors of the sending circuit and receiving circuit at the anti-resonant frequency are given by Eq. (32). 12 shows a model of the transmission circuit utilizing magnetic field resonance. In this model, the coupling coefficient depends on the transmission gaps .f!g and the areas of interlinkage magnetic flux in the transmission coils, which are determined by the diameter 1J. Hence, one-turn coils are used in order to low inductance and High capacitance, then, the transmission circuit gives highly transfer.
IV. EXPERIMENTAL RESULTS
A. Experiment resultsfor the proposed inverter Fig. 13 shows the output waveforms of the inverter for the condition of Fout = 11.33 MHz, ZL = 100.11 , and Ed = 40 V. In this case, the squared current waveform with an amplitude of f o = 1.3 A and the sinusoidal voltage waveform with an amplitude of Va = 150 V appear at the output terminal, and the sinusoidal current flows into the load resistor. Fig. 14 shows that the output current remains at a constant value, even when the load resistance is changed. This means that the proposed inverter operates as a high-frequency AC current source. Fig. 15 shows the operation waveforms of the input voltage VDl-2, the input current waveforms iin, the output voltage vo, and the output current io for the immittance conversion element. We can see that there is a 90 degree phase shift between the input voltage and the output current, and this proves that the immittance conversion is performed properly. Fig. 16 shows the measured result for the conversion efficiency. In this case, the input voltage is changed, and the output resistor is kept constant at ZL = 100.11 . More than 74 % of the conversion efficiency is achieved in the entire output power range, and a maximum efficiency of 77.6 % is achieved at a maximum power of 123 w. Fig. 17 shows a loss analysis for the proposed inverter at maximum conversion efficiency. It can be seen that the switching loss is relatively small owing to the ZVS switching operation of the MOSFETs. On the other hand, the loss of the coaxial cables accounts for most of the inverter loss. A detailed examination of the cause of the cable loss will be performed in the future. The authors performed the transmission test using magnetic field resonance coils suitable for the proposed high-frequency current source. Here, the operating frequency is Fout = 11.33 MHz, the load resistor is ZL = 50 fl, the input power is Pin = 49.5 W, the diameter of the transmission coils is <p = 10 em, and the air gap of the coil is fg = 2 em . A maximum transmitting efficiency of 94.2 % is achieved at an output power of 48 W. The efficiency evaluation and loss analysis of the entire system will be topics for future research.
V. CONCLUSIONS
A current output type high-frequency inverter utilizing an immittance conversion element and a wireless power transmission circuit suitable for the inverter was proposed. By utilizing the immittance conversion element, both a center-tapped configuration and high-frequency current output operation of the inverter circuit were realized. The center-tapped configuration enables the use of a resonant-type gate-drive circuit, which provides the minimum gate-drive power. The effectiveness of the proposed inverter was verified through the experimental setup with a 123 W output power. A conversion efficiency of more than 74 % was achieved in the entire output power range, and a maximum efficiency of 77.6 % was achieved at a maximum power of 123 W.
The operation principle of the newly proposed wireless power transmission circuit suitable for the current output inverter was presented. The power transmISSIOn efficiency of the transmission coil was measured and reached a maximum value of 94.2 %.
Through the above discussion, it is confirmed that the proposed system has sufficient potential for high-frequency and high-power wireless power transmission. In order to provide a much higher efficiency of the inverter, a study on the loss reduction of the coaxial cable will be conducted. Also, verification of the parallel connection operation of the proposed inverter in order to increase the power rating of the system will be addressed in the future.
